Abstract The role of zinc in islet function has recently achieved new attention as a consequence of the identification of zinc transporter 8 (ZNT8) in islets, and the association of mutations in the gene for this zinc transporter with glucose intolerance and type 2 diabetes. ZNT8 is also an autoantigen associated with the appearance of type 1 diabetes. A number of experimental models have been employed to suggest how ZNT8 and other zinc transporters regulate beta cell insulin processing and possibly secretion. An additional role for the zinc transporters in regulating alpha cell function has been suggested. In this issue of Diabetologia, Wijesekara and colleagues, using a cell-specific Znt8 (also known as Slc30a8) knockout model, demonstrate that beta cell insulin processing and glucose tolerance is negatively affected after beta cell knock out of Znt8, whereas Znt8 knockout in alpha cells seems to have little effect on glucagon secretion or glucose tolerance. Although we are yet to see the therapeutic potential of these new findings, the area represents a field through which manipulation of islet function may eventually be possible.
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In the present edition of Diabetologia, Wijesekara and colleagues [1] further explore the functional role of zinc transporter 8 (ZNT8) (which is also known as solute carrier family 30 [zinc transporter], member 8 [SLC30A8]) in alpha and beta cells. In a series of elegant experiments the authors show that beta cell-specific knockout of Znt8 (also known as Slc30a8) causes glucose intolerance and that this is accompanied by alterations in intracellular zinc metabolism and granule morphology in knockout beta cells. Suppression of a number of transcription factors (including pancreatic and duodenal homeobox 1 [PDX1]) needed for normal beta cell function is also a consequence of Znt8 knockout. By contrast, specific knockout of Znt8 in alpha cells seems not to affect glycaemic status or glucagon secretion.
Zinc and diabetes
As a devoted supporter of an intimate relationship between metals and disease, Paracelsus (1493-1541) was the first to describe the metal zinc. Since 1934 it has been known that zinc permits the formation of insulin crystals; two or more zinc atoms cause insulin to crystallise in hexamers [2] . We know that zinc-deficient animals have a lack of insulin in beta cells [3] . Alterations in zinc homeostasis appear to be related to diabetes: hyperzincuria seems well documented in both type 1 and type 2 diabetes and may be influenced by both sex and glycaemic status [4, 5] . Plasma zinc may be low (type 2 diabetes) or high (type 1 diabetes) [6] . Zinc supplementation may improve clinical outcomes related to glycaemia in diabetes (reviewed by Jansen et al. [6] ).
Zinc and cells of the endocrine pancreas
Recent years have brought a deeper understanding of the many roles of zinc in both beta and alpha cells. This development has been further sparked by the identification of mutations in the ZNT8 gene as risk factors for the development of type 2 diabetes as first described by Sladek et al. [7] and since confirmed by several others (for a recent meta-analysis see Jing et al. [8] ). Interestingly, ZNT8 has also been identified as an autoantigen in many cases of type 1 diabetes [9] .
Zinc is known to be insulinomimetic [10] and now a number of experiments have added new information and improved our knowledge. Zinc is co-secreted with insulin and other granule substances. Co-secretion of zinc has substantial paracrine or autocrine effects. First, zinc participates in the regulation of beta cell mass; cosecreted zinc causes beta cell death, an effect that may be attenuated by pyruvate or clioquinol [11] [12] [13] . Second, zinc may mediate some of the suppressive effects of beta cells on glucagon secretion from neighbouring alpha cells [14] [15] [16] , but some controversy remains on this subject [17] . Finally, cytokine exposure seems to influence the production of zinc-transporting proteins, suggesting an interaction between zinc fluxes and traditional beta cell toxic substances [18] .
The role of zinc transporters
Beta cells, particularly beta cell granules, are extremely rich in zinc, therefore an active transport against concentration gradients is required in order to maintain adequate zinc concentrations. Some transport of zinc into beta cells occurs through L-type voltage-gated calcium channels [19] . Perhaps more importantly, zinc homeostasis is regulated by the ZNT and ZIP zinc transporters. In general, the ZNTs (SLC30A family) transport zinc from the cytoplasm to extracellular spaces or to intracytoplasmic vacuoles, such as secretory granules, while the ZIPs (SLC39A family) are thought to increase cytoplasmic zinc.
The characterisation by Chimienti and colleagues of ZNT8 [20] as a zinc transporter primarily located in beta cells has allowed several mechanisms to be described that may explain the relationship between mutations in the ZNT8 gene and the risk for type 2 diabetes. More specifically, the risk allele causes beta cell dysfunction in patients with type 2 diabetes [21, 22] . Overexpression of ZNT8 increases the zinc content of beta cells and promotes glucose-stimulated insulin secretion in cultured cells; it also protects from apoptosis related to zinc depletion without inducing the toxic effects of the increased level of intracellular zinc [23] . ZNT8 expression is downregulated by interleukin 1-beta, which is known to affect beta cell function in type 2 diabetes [18] . Global knockout of Znt8 renders mice glucose intolerant with impaired insulin secretion, although not all results have been concordant [24] [25] [26] . In all reports the consequences of Znt8 knockout seem to be relatively benign; for further details, see Rutter [27] . In knockout mice a high-fat diet causes severe insulin resistance, possibly related to a differential expression of Znt8 in varying types of adipose tissue [28] . Results from the present study [1] , which used selective beta cell knockout, support the increasing body of literature that suggests that ZNT8 is important for insulin processing and secretion.
Perspectives
Are other zinc transporters relevant for the study of diabetes? Apparently so: ZNT3, also downregulated by interleukin 1-beta [18] , may be important for adequate beta cell function as knockout causes accelerated glucose intolerance in streptozotocin-treated animals [29] .
Is zinc metabolism a future therapeutic target?
We have yet to see larger clinical trials exploring the therapeutic potential of this new knowledge. However, several paths may lead towards therapy. Metallothioneins may be one way to go. Metallothioneins can be induced by zinc and may contribute significantly to the regulation of organ function as shown in experimental diabetic cardiomyopathy, possibly via their interactions with both intra-and extracellular zinc [30] .
The formation of amyloid beta, known to cause beta cell death if it aggregates in islets, may be another area of focus. Zinc, via the activity of ZNT3, seems pivotal for the formation of amyloid beta in the nervous system [31] , a process that occurs in parallel in islets and that may hopefully be interfered with-by the use of metallothioneins or other means-in the future in order to maintain functional beta cells.
The identification of ZNT8 as a risk factor for type 2 diabetes and the description of the pathologies related to this protein, such as those described in this month's Diabetologia, may offer new means for protecting beta cell mass and function.
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